Introduction 53
Human space exploration beyond boundaries of Earth and Moon is a declared goal of NASA, ESA, 54
Roscosmos and other space-faring agencies, envisaging a potential human Mars mission in the next 55 20 to 30 years. Maintenance of astronauts' health during a several hundred days journey in a 56 confined artificial environment in space is one of the key aspects which has to be addressed for such 57 a long-term mission. 58
The human immune system was shown to be compromised under space flight conditions, as a 59 significant decrease of lymphocytes and also of the activity of innate and adaptive immune response 60 countermeasures succeeded in a timely manner (23). Moreover, a recent genomics-based study 117
could not reveal potentially health-threatening differences in Bacillus and Staphylococcus 118 pangenomes from ISS, compared to human-associated and soil pangenomes (24) . 119
In this study, we report on the realization of the ISS experiment EXTREMOPHILES, targeting the 120 profile, diversity, dynamics and functional capacity of the microbiome aboard. We used cultivation 121 efforts to obtain microbial isolates. We assessed their genomic and physiological adaptation towards 122 ISS conditions and tested the hypothesis, whether, as indicated by previous literature reports, ISS 123 microorganisms possess a higher extremo-tolerance and antibiotics-resistance potential compared 124 toground controls. Moreover, we were interested in the surface-microbe interaction with regard to 125 material integrity, exhibited by selected, freshly-isolated ISS strains. overview of all sampled areas and sessions is given in Table 1 . 141 Node 2 (Harmony) A-7, B-7 Panels (outer surface, close to the portable fire extinguisher (PFA) and portable breathing apparatus (PBA)) A-8, B-8 Audio terminal unit (ATU) A-9
Return Grid Sensor Housing (RGSH) A C-1 Ambient air (field blank, FB) Cupola C C-2 Surface facing a window C-3
Advanced resistive exercise device (ARED) Node 3 (Tranquility) C-4 Treadmill C-5
Waste and hygiene compartment (WHC): surfaces C-6
Cover of the PBA, inside Node 1 (Unity) C-7
Dining table 144
The sampling instructions for each session were as follows. 1: Put on sterile gloves (DNA-free nitrile 145 gloves, ABF Diagnostics GmbH, Kranzberg, Germany). 2: Using gloved hand, remove wipe X from bag 146 (metal closure bag, GML-alfaplast GmbH, Munich, Germany), wave wipe through the air (approx. 147 20s). Put wipe back into its bag and close properly. 3: Change glove. 4: Using gloved hand, take 148 sample using wipe Y according to Table 1 . Put wipe back into its bag and close properly. 5: Repeat 149 steps 3 and 4 for every new sampling surface according to Table 1 . 6: Store wipes at ambient (session 150 A, B, dry wipes), or under cool conditions ("cold stowage", 2-10°C, session C, moist wipes). 151
Cleanroom and cargo vehicle sampling. In order to retrieve samples for comparative analyses, one 152 ISS-relevant cleanroom and cargo-spacecraft was sampled, namely cleanroom S5C at the Centre 153
Spatial Guayanais near Kourou in French Guiana, housing ATV5 "Georges Lemaître". Swab 154 (FLOQSwabs™, Copan diagnostics, USA) and wipe samples from ATV and its cleanroom were 155 provided by Stefanie Raffestin (ESA) in 2014. 156
Sample extraction. The obtained sample material was either available as wipes or swabs 157 (cleanroom). Wipes were submerged in 80 ml DNA-free 0.9% (w/v) NaCl solution (NaCl was heat-158 treated to destroy DNA residues for 24 hours, 250°C), vortexed (10s) and shaken manually (15s), 159 ultra-sonicated at 40 kHz for 2 min and vortexed (10s). The sampling material was aseptically 160 removed from the extraction solution before cultivation-and molecular analyses. Swabs were 161 submerged in 15 ml of NaCl solution and processed identically. 162
Cultivation. Cultivation of microorganisms was performed on a number of solid and liquid media, as 163 given in Table 2 . For microbial enrichment, we provided variable chemical and physical conditions 164 with respect to: pH (pH 4-10), temperature (4-65°C), gas phase (aerobic, N 2: H 2: CO 2 , H 2: CO 2 , N 2: CO 2 ), 165 nutrients and nutrient availability. R2A (pH5-7), RAVAN and ROGOSA were supplemented with 166 nystatin (50 µg/ml) to suppress growth of fungi; media targeting archaea were supplemented with 50 167 µg/ml streptomycin and 100 µg/ml ampicillin. Inoculation was done using 500 and 250 µl (duplicates) 168 of the extraction solution. In addition, 500 µl aliquots of the wipe suspension were irradiated at the 169 DLR in Cologne, Germany, to select for radiation resistant isolates. They were either irradiated by UV-170 C (254nm) with an intensity of 50 J/m², 75 J/m², 100 J/m², and 200 J/m² or by X-Rays with an 171 intensity of 125 Gy, 250 Gy, 500 Gy, 750 Gy, or 1000 Gy. Radiation resistant microorganisms were 172 cultivated on R2A and TSA agar. Pure cultures were obtained via repeated dilution series in liquid 173 medium and/or purification streaks on solid media. 174 175 genes of the isolates were amplified using the primers 9bF (5′-GRGTTTGATCCTGGCTCAG-3′) and 179 1406uR (5′-ACGGGCGGTGTGTRCAA-3′), applying the following cycling conditions: Initial denaturation 180 at 95°C for 2min, followed by 10 cycles of denaturing at 96°C for 30s, annealing at 60°C for 30s and 181 elongation at 72°C for 60s, followed by another 22 cycles of denaturing at 94°C for 30s, annealing at 182 60°C for 30s and elongation at 72°C for 60s, and a final elongation step at 72°C for 10min (29). The 183 template was either a small fraction of a picked colony in a colony-PCR assay or 5-20ng of DNA 184 purified from culture via the peqGOLD Bacterial DNA Kit (Peqlab, Germany The ITS region of fungal isolates was sequenced using the primers ITS1F (5´-190 CTTGGTCATTTAGAGGAAGTAA-3´) and ITS4 (5´-TCCTCCGCTTATTGATATGC-3´) and following cycling 191 conditions: initial denaturation at 95°C for 10min, followed by 35 cycles of denaturing at 94°C for 60s, 192
annealing at 51°C for 60s, elongation at 72°C for 60s, and a final elongation step at 72°C for 8min. 193
The amplicons were Sanger-sequenced (Eurofins, Germany) and the obtained sequence was 194 classified using the curated databases UNITE version 7.2 (31) and BOLD version 4 (32). Fungal isolates 195 of session A, B, and C were classified according to phenotypical characteristics 196 Phylogenetic tree reconstruction. For phylogenetic tree reconstruction, the forward and reverse 197 sequences obtained from the isolates were merged to reach a minimum sequence length of 1000 bp. 198
The phylogenetic tree was calculated with the Fast Tree programme (33) and displayed with the 199
Interactive Tree of Life online tool iTOL (34). 200 DNA extraction of ISS wipe samples. After aliquots were removed for cultivation assays, the rest of 201 the wipe solutions were filled into Amicon Ultra-15 filter tubes (Sigma Aldrich) and were centrifuged 202 at 4000x g for 10-30 min at 4°C. The flow-through was discarded and the remaining liquid in the 203 filters was pipetted into 1.5ml Eppendorf tubes for DNA extraction with the modified XS-buffer 204 method as previously described (35). DNA concentrations were determined using Qubit (Life 205
Technologies, US). 206
Microbial profiling using next-generation sequencing methods. To investigate the detectable 207 molecular diversity, we used a "universal" and an Archaea-targeting approach. The 16S rRNA gene 208 amplicons for the universal approach were amplified using Illumina-tagged primers F515 (5′-209 TCGTCGG-CAGCGTCAGATGTGTATAAGAGACAGGTGCCAGCMGCCGCGGTAA-3′) and R806 (5′-210
. Archaeal 211 amplicons were obtained by a nested approach (37): First, a ~550 bp-long 16S rRNA gene amplicon 212 was generated with the primers Arch344F (5 -ACGGGGYGCAGCAGGCGCGA-3′) and Arch915R (5′-213 GTGCTCCCCCGCCAATTCCT-3′) (38,39) and in a second PCR, the amplicons for Illumina sequencing 214 were generated by the tagged primers Arch519F (5´-215 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAGCMGCCGCGGTAA-3´) and Arch785R (5´-216 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3´) (40), using the 217 purified product of the first PCR as template. The cycling conditions for the universal approach were 218 initial denaturation at 94°C for 3 min, followed by 35 cycles of denaturing at 94°C for 45s, annealing 219 at 60°C for 60s and elongation at 72°C for 90s, followed by a final elongation step at 72°C for 10 min. 220
For the first PCR of the nested archaeal approach, the cycling conditions were initial denaturation at 221 95°C for 2 min, followed by 10 cycles of denaturing at 96°C for 30s, annealing at 60°C for 30s, and 222 elongation at 72°C for 60s, followed by another 15 cycles of denaturing at 94°C for 30s, annealing at 223 60°C for 30s, and elongation at 72°C for 60s, and a final elongation step at 72°C for 10min. For the 224 second amplification the cycling conditions were initial denaturation at 95°C for 5 min, followed by 225 25 cycles of denaturing at 95°C for 40s, annealing at 63°C for 120s and elongation at 72°C for 60s, 226
followed by a final elongation step at 72°C for 10 min. 227
Genome sequencing, genome reconstruction and annotation of selected isolates. We sequenced 228 the genomic DNA of six isolates obtained from ISS samples described earlier (41). DNA was isolated 229 from overnight cultures using the peqGOLD bacterial DNA mini kit (Peqlab, Germany). cultures were suspended in two test tubes containing 2.5 ml sterile PBS. One tube was incubated at 243 room temperature (control), whereas the other was placed in a water bath and exposed for 15 min 244 to 80°C. Samples were immediately cooled down on ice for 5 min after incubation time. The 245 temperature was monitored using a separate pilot tube containing 2.5 ml PBS. Afterwards, 0.5 ml of 246 the heat-shocked suspension and 0.5 ml of the room temperature suspension were plated and 247 incubated at 32°C for 72h. (ii) Physiological tests: For the assessment of the temperature range, 248 cultures were plated on R2A pH7 agar and incubated overnight at 32°C. Then the incubation 249 temperatures for the species still growing were stepwise decreased and increased until no further 250 growth was observed. Limits of pH tolerance were assessed accordingly. (iii) Antibiotics susceptibility 251 tests: Antimicrobial susceptibility testing for selected, clinically relevant antibiotics (Table 3) was 252 performed using Etest® reagent strips (Biomérieux, Germany) according to manufacturer's 253 instruction and detailed in (14). Since there were no species-specific breakpoints available, MICs 254 were interpreted according to EUCAST guideline table "PK/PD (Non-species related) breakpoints" 255 (50). In brief, overnight cultures (2-3-day cultures for slower-growing bacteria) were suspended in 256 0.9% saline. 100 µl of this suspension was plated on standardized Müller-Hinton agar for 257 antimicrobial susceptibility testing (Becton Dickinson, USA). Etest® reagent strips were placed on the 258 plates followed by aerobic incubation for 24 h at 34°C. 259 Sequence data processing and analysis: Demultiplexed, paired reads were processed in R (version 290 3.2.2) using the R package DADA2 as described in (51). In brief, sequences were quality checked, 291 filtered, and trimmed to a consistent length of ~270 bp (universal primer set) and ~140 bp (archaeal 292 primer set). The trimming and filtering were performed on paired end reads with a maximum of two 293 expected errors per read (maxEE = 2). Passed sequences were de-replicated and subjected to the 294 DADA2 algorithm to identify indel-mutations and substitutions. The DADA2 output table is not based 295 on a clustering step and thus no operational taxonomic units (OTUs) were generated. Each row in the 296 DADA2 output table corresponds to a non-chimeric inferred sample sequence, each with a separate 297 taxonomic classification (ribosomal sequence variants; RSVs) (51). In addition, the merging step 298 occurs after denoising, which increases accuracy. After merging paired end reads and chimera 299 filtering, taxonomy was assigned with the RDP classifier and the SILVA v.123 trainset (52). The 300 visualization was carried out using the online software suite "Calypso" (53). For bar plots data was 301 normalized by total sum normalization (TSS) and for PCoA and Shannon index by TSS combined with 302 square root transformation. Tax4fun was performed based on the Silva-classified OTU table, as 303 described (54). 304
RSV Network 305
G-test for independence and edge weights were calculated on the RSV table using the 306 make_otu_network.py script in QIIME 1.9.1 (55). The network table with calculated statistics was 307 then imported into Cytoscape 3.7.1 (56) and visualized as a bipartite network of sample (hexagons) 308 and RSV nodes (circles) connected by edges. For clustering, a stochastic spring-embedded algorithm 309 based on the calculated edge weights was used. Size, transparency and labels were correlated with 310 RSV abundances, border line intensity refers to RSV persistence over multiple sampling sessions and 311 edge transparency was correlated to calculated edge weights. 312
Shotgun metagenomics. Shotgun libraries for Illumina MiSeq sequencing were prepared with the 313
NEBNext® Ultra II DNA Library Prep Kit for Illumina® in combination with the Index Primer Set 1 (NEB, 314
Frankfurt, Germany) according to manufacturer's instructions and as described in (57). Briefly, 500 ng 315 of dsDNA were randomly fragmented by ultrasonication in a microTUBE on a M220 Focused-316 ultrasonicator™ (Covaris, USA) in a total volume of 130 µl 1xTE for 80 seconds with 200 cycles per 317 burst (140 peak incident power, 10% duty factor). After shearing, 200 ng of sheared DNA were used 318 for the end repair and adapter ligation reactions in the NEBNext® Ultra II DNA Library Prep Kit for 319
Illumina® according to manufacturer's instructions. Size selection and purification were performed 320 according to the instructions for 300 to 400bp insert size. Subsequent PCR amplification was 321 performed with 4 cycles and libraries were eluted after successful amplification and purification in 33 322 µl 1xTE buffer pH 8.0. For quality control libraries were analyzed with a DNA High Sensitivity Kit on a 323 2100 Bioanalyzer system (Agilent Technologies, USA) and again quantified on a Quantus™ 324 Fluorometer (Promega, Germany). An equimolar pool was sequenced on an Illumina MiSeq desktop 325 sequencer (Illumina, CA, USA). Libraries were diluted to 8 pM and run with 5% PhiX and v3 600 cycles 326 chemistry according to manufacturer's instructions. Raw fastq data files were uploaded to the 327 metagenomics analysis server (MG-RAST) (58) and processed with default parameters. Annotations 328 of taxonomy (RefSeq) and functions (Subsystems) were then imported to QIIME 2 (2018.11) (59) or 329
Calypso (53) (Fig 1) . The signatures belonged to 377 genera, with Streptococcus, Corynebacterium, 358
Lactobacillus, Acinetobacter, Staphylococcus predominating (Fig. 1) . Firmicutes, Proteobacteria, 359
Actinobacteria and Bacteroidetes were found to be the predominant bacterial phyla (all samples), 360 whereas archaeal signatures (Woesearchaeota, Thaumarchaeota, Euryarchaeota) were frequently 361 detected in air (Cupola air 14.1% and Columbus air session B 3.6% of all sequences) and on various 362 surfaces (Fig. 1) The cleanroom samples, which were analyzed for comparison, showed a different microbial signature 368 profile, with a predominance of alpha-proteobacterial genera (Sphingomonas, Novosphingobium, 369 Pseudobutyrivibrio towards session B, whereas members of Clocibacterium (p=0.027) and 384 unclassified Corynebacteriaceae (p=0.02) were significantly reduced. 385
Significant changes on RSV level are given in Fig. 2b , with an overall notable increase of a certain RSV 386
of Ralstonia in samples of session B. Pie charts were created from single locations within the ISS to 387 visualize the changes in microbiome composition (Fig. 2c) . It shall be noted, that signatures of 388 unclassified Woesearchaeota (DHVEG6) were found amongst the 40 most abundant microbial genera 389 (additional details below). 390 391 
397
The ISS harbors a core microbiome of more than 50 microbial genera. 398
Core microbiome analyses, looking at the 100 most abundant RSVs, identified 34 taxa shared 399 amongst all sampling time points (A-C, minimal relative abundance: 10%), whereas 55 taxa were 400 shared on genus level. The most abundant, shared RSVs belonged to the microbial genera 401
Haemophilus, Gemella, Streptococcus, Corynebacterium, Staphylococcus, Lactococcus, Neisseria and 402 Finegoldia. 31 taxa were shared amongst all modules. To obtain a better overview on the 403 biogeography of the ISS microbiome, a network was calculated (Fig. 3) . 404 405 
413
The network analysis showed a higher abundance for RSVs which belong to the core ISS microbiome 414 (e.g. Streptococcus, Corynebacterium, Staphyloccocus, Haemophilus, Gemella or Propionibacterium) . 415
Notably, most location-specific RSVs were observed for WHC (waste and hygiene compartment) and 416 RGSH (return grid sensor housing). This was expected for the WHC area (as hygienic activities shed 417 (internal) human microorganisms into the environment), but surprising for the RGSH. The RGSH is 418 the air inlet part of the air recycling system, expected to accumulate biological burden from the 419 environment, but not to host indigenous microbiology. 420
Locations with regular crew activity (e.g. treadmill, sleeping unit, handrails) showed higher 421 proportions of RSVs assigned to the human-associated genera Stenotrophomonas, Ruminococcus and 422
Lactobacillus. When clustering the samples according to their origin, the network also indicated that 423 locations exposed to high human traffic from different modules are more similar to each other than 424 samples of high and low human traffic which were taken within the same ISS module. 425
426

Location shapes microbiome composition 427
In a next analyses step, we were interested in external parameters influencing the ISS microbiome. 428
Redundancy analysis indicated a significant effect of the time of sampling (sessions; p=0.010), and 429 indicated a potential effect of the location within the ISS (module; p=0.054) on microbiome 430 composition. We further categorized the different samples into: air, personal area (sleeping unit), 431 shared areas which are highly frequented (e.g. communication items, handrails), and shared areas 432 which are less often touched (e.g. lightcover, RGSH, etc.). An NMDS plot performed on RSV level 433 indicated a different composition of the microbiome according to these categories, whereas shared 434 surfaces showed an overlap no matter whether they were frequently or less frequently touched. 
443
ANOVA plot analysis indicated e.g. the increased presence of human-associated Streptococcus RSVs 444 in samples from dining table and workout area, Neisseria species (human mucosa-associated 445 microorganisms) were particularly detected in the sleeping unit and work out area. Lactococcus 446 signatures were particularly found in samples from the dining table (potentially food-associated), the 447 sleeping unit and the workout area, whereas RSVs from Actinomyces, Enterococcus, Lautropia and 448
Brevibacterium were significantly enriched on handrails, in air, on the dining table, and in the work 449 out area, respectively (all p-values < 0.05, see Fig. 5 ). The waste and hygiene area showed 450 significantly increased abundances of RSVs belonging to Lactobacillus, Propionibacterium, Collinsella, 451
Subdoligranulum, Romboutsia and Anaerostipes (Fig. 5) . All in all, the samples retrieved from the ISS 452 were largely reflecting the human microbiome, as other sources of the microbial signatures could not 453 be identified (besides potentially food for Lactococcus). 454 
456
According to a hierarchical cluster analysis based on Pearson´s correlation across session A and B 457 (Fig. 6) , a positive correlation of certain microbial phyla with sampled locations was found, being in 458 agreement with findings from the cultivation assays (e.g. Deinococcus sp. was isolated from 459 Node2_Panel_Outside). Columbus handrails were found to be correlated with e.g. Saccharibacteria 460
and Bacteroidetes. A particular pattern was detected for the archaeal signatures retrieved, which 461 were found to be indicative for the sleeping unit (Thaumarchaeota), the handrails (Euryarchaeota) 462 and the samples from the Columbus_SSC_Laptop (Woesearchaeota). 463 464 
467
Microbial functions inferred from 16S rRNA gene information (Tax4fun) and metagenomic analyses 468
As metagenomics could only be performed on pooled subset of samples (due to low biomass 469 restrictions and sampling set-up, see below), Tax4fun analysis was initially used to predict potential 470 microbial metabolic capabilities, their location-specificity and potential shifts over time. 471
LEfSe analysis (Fig. 7c) revealed a location specific predicted capacity of the microbial community, 472 with e.g. increased predicted functions in KEGG pathway "Base_excision_repair" in samples from the 473 cupola module, a probably indicator for elevated radiation levels. 474
On gene level, different functions were predicted, indicative of a respective module. Node 3 (ARED, 475 treadmill and WHC) revealed predicted signatures of cobalt/nickel and antibiotic transport system 476 ATP binding proteins. Notably, a specific increase of a cobalt/zinc/cadmium resistance protein was 477 predicted for Node 2 (sleeping area and panel samples), an iron complex transport system substrate 478 binding protein for Node 1 (e.g. dining area), and an antibiotic transport system permease protein for 479 the cupola area. This indicated a potential microbial competition and a relevance of transition metal 480 components (e.g. from ISS materials) for the microbial community in these environments. 481 The taxonomic composition as retrieved from metagenomics was found to be somewhat different to 489 the amplicon-based analysis. In particular the predominance of Propionibacterium reads was striking, 490 as its signatures were not well reflected in the amplicon approach. However, Staphylococcus, 491
Corynebacterium, Streptococcus could be confirmed as omnipresent on all sampled surfaces of the 492 ISS. However, fungal (e.g. Malassezia), viral (e.g. Microvirus) and archaeal sequences (e.g. 493
Methanobrevibacter) also belong to the core taxa of the ISS (Fig. 7a,b) . Core microbial taxa and 494 functions showed a stable distribution over different fractions of samples. Hence, 57% of all taxa and 495 34% of all functions were shared in all samples (even higher proportions were visible when samples 496 were grouped per module 68% and 51% or per sampling session 73% and 58% respectively). 497
Sample N2B showed the highest Shannon diversity on genus (H' ~ 4) and functional level (H' ~ 10). 498
Similarity estimates based on Bray-Curtis distances revealed that microbes and their functions from 499 the Columbus module showed the biggest difference to samples from Node 1, 2 and 3. In addition 500 the Columbus module also experienced the biggest shift of its microbiome along PCoA Axis 1 (taxa: 501 ~60%, functions ~40%) between the first and last sampling session. 502
Regarding functions, genes assigned to arginine biosynthesis (amino acid metabolism), degradation 503 of L-Ornithine (amino acid metabolism), copper-translocating P-type ATPases (virulence, disease and 504 defense), and the phage major capsid protein (phages, prophages, transposable elements) were 505 ubiquitously distributed, whereas functions assigned to dormancy and sporulation, photosynthesis, 506 motility and chemotaxis as well as aromatic compounds metabolism showed location-dependent 507 variations. Functions involved in iron acquisition and metabolism (ferrous iron transport protein B: 508 0.2% in functional core), potassium metabolism, nickel ABC transporters and others were highly 509 abundant, indicating a potential surface-interaction with ISS materials. 510
511
ISS cultivable microbial community reveals extremo-tolerant traits 512
In the course of this study, hundreds of colonies/cultures retrieved on/in various media were 513 processed, resulting in 76 unique bacterial isolates. Along with the bacteria, also fungi were isolated, 514 but are not further analyzed herein. These included Aspergillus species (A. sydowii, A. unguis) , 515
Chaetomium globosum, Penicillium species (P. aurantiogriseum, P. brevicompactum, P. chrysogenum, 516 P. crustosum, P. expansum), Rhizopus stolonifera and Rhodotorula mucilaginosa. All fungal isolates 517 obtained in this study were assigned to biosafety risk group S1. P. brevicompactum, P. chrysogenum, 518 P. crustosum, R. stolonifera and R. mucilaginosa may cause allergenic reactions and R. mucilaginosa 519 can also act as opportunistic pathogen. Archaea could not be grown from any sampling site. 520
Most of the bacterial isolates showed a distinct pattern in origin distribution and special 521 growth/enrichment characteristics, which is shown in Fig. 8 . 522 523 Paenibacillus sp.) (Fig. 7) . Isolates retrieved under non-mesophile conditions were, for example, 534
Thermaerobacter literalis (a true thermophile isolated at 65°C from the ATU in Node2, does not grow 535 below 50°C), Sphingomonas aerolata and Microbacterium lemovicicum (exhibiting extraordinary 536 cryotolerance, isolated only at 4°C, maximal growth temperatures were 51°C and 32°C, respectively). 537 538 Physiological characteristics and resistance potential of ISS microbes do not differ from ground 539
controls. 540
In the next step, we analyzed physiological characteristics of ISS microbial isolates. In particular, we 541 were interested whether they withstand physical and chemical stressors better than same or closely 542 related microbial species from ground controls. 543
For these tests, we selected a subset of microbial isolates from the ISS, spanning 11 microbial genera 544 of interest (listed in Fig. 9 ). This list included typical confined-indoor bacteria, like Bacillus, 545
Micrococcus and Staphylococcus, but also microorganisms of special interest (associated to 546 spacecraft assembly, extraordinary hardy, extremophile) were included (e.g.
Microbacterium, 547
Cupriavidus, or Ralstonia). For comparative reasons, we included also eight microbial isolates from 548 ground controls (cleanrooms, Concordia station) or culture collections. Overall, the final list 549 comprised 29 different microbial strains. 550
All these strains were tested with respect to heat-shock resistance in the stationary phase (Bacillus 551 cultures contained spores), upper and lower temperature limit (growth), upper and lower pH limit 552 (growth), and resistance towards a variety of antibiotics (Fig. 9) . 553 Antimicrobial susceptibility testing for 17 clinically relevant antibiotics was performed. Antibiotic 554 resistance/susceptibility was found to be in some cases strain-specific but mostly species/genus-555 specific, independent from their isolation source (ISS or ground control). In particular the tested 556
Bradyrhizobium species showed a vast resistance against numerous antibiotics, as did one 557
Roseomonas strain. The antibiotic resistance pattern was judged following the EUCAST guidelines for 558 PK/PD (non-species related) or, for Staphylococcus isolates, Staphylococcus spp. breakpoints (14) 559 were used. It has to be stressed that all tested isolates were non-pathogenic and that these results 560
shall not be used for clinical risk assessment of any kind. The ISS strains were not found to be 561 significantly more resistant (number of antibiotics or concentration) than their counterparts from 562 ground controls. 563
Notably, the strains showed a growth temperature span of 18 to 52 degrees (14-32°C, Roseomonas 564 C63; Bacillus pumilus, 4-56°C). The minimal and maximal growth temperatures, or the temperature 565 span, were not significantly different in ISS isolates compared to control microorganisms (Mann-566 Whitney U Test). For growth at different pH values, the isolates revealed a pH span of 4 to 10 pH 567 values (Bradyrhizobium erythroplei LMG28425, pH3-7; Bacillus altitudinis R10_C4_IIIB, pH 2-12). As 568 seen for the temperature, no significant difference in pH preference of ISS strains versus ground 569 control strains was observed (Mann-Whitney U Test). 570 571 Genomic properties of ISS isolates showed no differences to non-ISS neighbors, but revealed 582 partial discrepancy of genomic and experimentally observed antibiotics resistance patterns 583
In order to understand the specific genomic characteristics of ISS microorganisms, we selected six 584 different species for genome sequencing and reconstruction, namely: Bacillus pumilus strain 585 pH7_R2F_2_A, Bacillus safensis strain pH9_R2_5_I_C. Bradyrhizobium viridifuturi strain 586 pH5_R2_1_I_B, Cupriavidus metallidurans strain pH5_R2_1_II_A, Methylobacterium tardum strain 587 pH5_R2_1_I_A and Paenibacillus campinasensis strain pH9_R2IIA (41) and compared the assemblies 588 to publicly available genomes. 589
The genome of Bacillus pumilus strain pH7_R2F_2_A was retrieved 99.59% complete, with a %GC of 590 41.6. The overall genome length was 3.7 Mbp. Bacillus pumilus SAFR-032 (3.7 Mbp, 41.3 %GC; ENA 591 study ID: PRJNA20391), whose genome was analysed for comparative reasons as well, possessed the 592 same antibiotics resistance capacity. The ISS strain possessed all necessary genes for flagellum 593 assembly and CAS-TypeIIIB (with cmr5_TypeIIIB missing); the latter was not found in Bacillus pumilus 594 SAFR-032. Looking at the metabolic profiles, the ISS isolate of Bacillus pumilus (comparison to SAFR-595 032 and ATCC 7061 (3.8 Mbp, 41.7 %GC; ENA study ID: PRJNA29785) possessed the genomic capacity 596 to perform choline and methionine degradation, but no other peculiarities were identified. 597
The genome of Bacillus safensis strain pH9_R2_5_I_C was found to be 99.59% complete, with a %GC 598 of 41.5. The overall genome length was 3.7 Mbp. It possessed all necessary genes for flagellum 599 assembly and CAS-TypeIIIB, as did next neighbour Bacillus safensis FO-36b. Looking at the metabolic 600 profiles, the ISS isolate of Bacillus safensis (comparison to CFA06 (3.7 Mbp, 41.5 %GC; ENA Study ID: 601 PRJNA246604) and 41 .6 %GC; ENA Study ID: PRJNA270528) did not show certain 602
peculiarities. 603
The genome of Bradyrhizobium viridifuturi strain pH5_R2_1_I_B was found to be 99.96% complete, 604 with a %GC of 64.3. The overall genome length was 7.9 Mbp. The genome carried several copies of 605 the efflux pump membrane transporter BepG as well as other multidrug efflux transporters and β-606 lactamase genes, which largely explained the overall stable antibiotic resistance observed in our 607 experiments. The observed resistances against linezolid and vancomycin could not be directly 608 inferred from the genomic data. These features were also found in Bradyrhizobium viridifuturi SEMIA 609 690 (8.8 Mbp, 64 .0 %GC; ENA Study ID: PRJNA290320), the next phylogenetic neighbour. Overall, the 610 genetic features of our ISS isolate were widely similar to known Bradyrhizobium species. The only 611 differences found were the potential capability for homospermidine biosynthesis from putrescine 612 and (R)-acetoin biosynthesis through (S)-2-acetolactate. 613
The genome of Cupriavidus metallidurans strain pH5_R2_1_II_A was found to be 99.94% complete, 614 with a GC content of 63.7 %. The overall genome length was 6.9 Mbp. This strain carries three bepE 615 efflux pump membrane transporters, and also a multidrug efflux system protein (acrB). However, the 616 bepE efflux pumps were not detected in the genome of its closest relative C. metallidurans CH34. The 617 genome showed full potential for type IV pili and flagella formation and numerous secretion systems, 618 but this was not a unique feature for the ISS strain. With respect to the metabolic profile, C. (no PK/PD breakpoint in the EUCAST table). Nevertheless, the observed MIC for vancomycin was 4 639 µg/ml, which was the highest observed MIC for vancomycin besides the seven isolates which were 640 completely resistant (see Fig. 8 ). The genome did not show any β-lactam resistances but in spite of 641 this, Paenibacillus campinasensis strain pH9_R2IIA was resistant against all β-lactam antibiotics with 642 the exception of meropenem in the antimicrobial susceptibility tests. The strain showed the potential 643 for flagella formation, and the presence of CAS type III. At the time of the analysis there was no other 644 genome of this species publically available, but the metabolic potential was not found to be strikingly 645 different from other genome-sequenced members of the Paenibacillus genus. 646
The antibiotic resistance genes (ARG) detected in the sequenced genomes and the inferred antibiotic 647 resistances are summarized in Fig. 10 . These detected ARGs conformed for the most part with the 648 results from the antimicrobial susceptibility tests; however, there were also some discrepancies. For 649 example, both Bacillus strains had genes for the transcription-repair coupling factor mfd and the 650 efflux transporter blt which should provide resistance against multiple fluorquinolones, but Bacillus 651 pumilus strain pH7_R2F_2_A was only resistant against moxifloxacin and not against ciprofloxacin or 652 levofloxain, while Bacillus safensis strain pH9_R2_5_I_C was sensitive against all tested 653 fluorquinolones. C. metallidurans was unharmed by the lincosamide clindamycin and the 654 oxazolidinone linezolid and grew at the maximal tested concentrations of these antibiotics, but these 655 resistances could not be inferred from the ARG´s. Moreover, C. metallidurans was sensitive to all 656 fluoroquinolones and β-lactam antibiotics besides Penicillin G in spite of possessing several efflux 657 transporter genes from which a resistance against fluorquinolones can be inferred and also the β-658 lactamase AmpC which is a specialized cephalosporinase and infers resistance against the tested 659 cefotaxime and ceftriaxone. However, it is known that these two cephalosporins, while being 660 sensitive to AmpC, are only weak inducers for actual AmpC expression (60). 661 
671
The ISS microbiome in context: humans and the cleanroom as a contamination source 672
The microbiome of an ISS cargo-harboring cleanroom, which we analyzed for comparative reasons, 673 was found to be different from the ISS microbiome. The microbial diversity detected in cleanrooms 674 was significantly lower than observed in ISS samples (ANOVA; p=0.012; Shannon diversity index) and 675 clustered separately in multivariate analyses (Fig. 11) . The cleanroom microbiome was specifically 676 characterized by a predominant abundance of α-Proteobacteria such as Novosphingobium, 677
Sphingomonas and Methylobacterium whereas most ISS samples were dominated by Firmicutes and 678
Actinobacteria. This is in accordance with previous findings (13). Based on this observation, we argue 679 that the items delivered from terrestrial cleanrooms to the ISS are most likely not a (relevant) 680 microbiome source. 681 682 However, a more detailed picture was obtained, when we looked at the cultivable diversity retrieved 685 from ISS and cleanroom samples (Fig. 12) Micrococcus species, were more likely introduced by humans into both environments than 689 
700
The ISS is a source of novel microbial species 701
The application of 21 different cultivation approaches resulted in a high diversity of microbial isolates 702 from the ISS, and 22 of the bacterial genera obtained during this study have not been isolated from 703 ISS samples before, although most of them have been detected by molecular methods (12, 13, 19) 704 (Arcticibacter, Bosea, Brevundimonas, Chryseobacterium, Cohnella, Curtobacterium, Cutibacterium, 705 Deinococcus, Dyadobacter, Enhydrobacter, Glaciihabitans, Micromonospora, Neisseria, Paracoccus, 706 Planococcus, Propionibacterium, Risungbinella, Roseomonas, Spirosoma, Stenotrophomonas, 707 Thermaerobacter, and Variovorax After incubation (6 weeks; 32°C; liquid R2A medium), the co-incubated materials were analyzed via 723 scanning electron microscopy (Fig. 13) . The NOMEX® fabric itself remained intact over time (Fig. 13, I In this study, we aimed to exploit the microbial information obtained from three sampling events 747 aboard the International Space Station with respect to: i) microbial sources, diversity and distribution 748 within the ISS, ii) functional capacity of microbiome and microbial isolates, iii) extremotolerance and 749 antibiotics-resistance (compared to ground controls), and iv) microbial behavior towards ISS-relevant 750 materials (biofilm formation, potential degradation or corrosion). 751
Study limitations. Spaceflight experiments especially suffer from the limitations given by the 752 circumstances that cannot be influenced by the scientists. This affected e.g. the number of samples 753 to be taken (limited mass of payload), the sampling procedure (compatible to microgravity conditions 754 and safety requirements), selection of sampling time points (according to assigned crew time and the 755 overall mission planning), and the delivery duration of the samples to the laboratory. Being aware of 756 these circumstances, experiments were planned accordingly (> 5 years implementation phase), and 757 numerous controls were run to ensure the integrity of the information retrieved. 758
Microbiome sources and context. Based on our observations and previous reports (10), we confirm a 759 mostly human-associated microbiome aboard the ISS (62). Other proposed sources are cargo delivery 760 (due to the detected overlap of cleanroom/ cargo and ISS microbial community), food (such as 761 seasoning, dried fruits, nuts and herbs, or even probiotics (63) (as indicated by the presence of e.g. 762
Bacillus and Lactococcus signatures), and potentially the personal belongings brought to the ISS 763 (possibly reflected by the increased diversity in the personal sleeping unit microbiome). It shall be 764 noted, that cargo deliveries are cleaned or even disinfected before upload (64,65), but an 765 international standard for these procedures does not exist and thus the cleanliness of the cargo 766 delivery might vary. 767
As a consequence, the ISS microbiome was characterized by a predominance of human (skin)-768 associated Staphylococcus, Corynebacterium and Streptococcus signatures (66). In general, these 769 microorganisms are typical indicators for confined indoor environments (cleanrooms, space stations, 770 hospital areas such as intensive care unit, operating rooms; (10)), emphasizing the substantial 771 contribution of the human microbiome (see also (13)). 772
In more detail, all top 20 genera described in the hospital study (66) were also detected in the entire 773 ISS microbiome (mostly also under top 20). Enhydrobacter (Pseudomonadales, a typical 774 environmental species, (67)) was the only hospital top 20 genus which was not detected by the 775 molecular approach in this study, but an Enhydrobacter aerosaccus isolate was obtained from the 776
Columbus RGSH sample in session B. 777
Within the top 20 list of the ISS microbial signatures, Haemophilus, Aerococcus, Stenotrophomonas, 778 Gemella, Bacteroides, Actinomyces, Veillonella, Granulicatella, Blautia, Propionibacterium and 779 settlement. In our co-incubation experiments, we could confirm that ISS microbial isolates can 849 adhere and grow on metal and in particular textile surfaces (NOMEX fabric), where local moisture 850 (e.g. condensate) could support biofouling, biofilm formation and material damage through acid 851 production (6, (73) (74) (75) . This is particularly important with respect to fungal growth, as these might 852 affect human health indirectly by causing allergic reactions and asthmatic responses (17, (76) (77) (78) . 853
Conclusion: Microbes aboard: Reason for concern? 854
Although we cannot fully exclude a threat of the ISS microbiome towards crew health (in particular in 855 interaction with the weakened human immune system) our data do not indicate direct reason for 856 concern. However, we raise special attention to the microbial-surface interaction problem in order to 857 avoid biofouling and biofilm formation, which could directly impact material integrity and indirectly 858 human health and therefore pose a potential risk to mission success. 859 860 861
